Abstract. Good quality and low manufacturing cost are the two main factors for the enterprises to increase their core competitiveness. In order to reduce manufacturing cost and to promote quality of product, we propose a Quality Improvement (QI) method based on product quality gene evolution for building materials and equipment. First, we present the connotation of the product quality improvement based on quality gene. Second, the product quality gene evolution method based on genetic algorithm is adopted to achieve the product quality improvement. Finally, we use mill-type cylinder tube as an example to illustrate the proposed algorithm process. Experimental results have shown that the proposed approach is able to support quality improvement.
Introduction
Good quality and low manufacturing costs are the two main factors for enterprises to increase their core competitiveness in today's globally competitive marketplace. In order to reduce manufacturing costs and to promote quality of product, continuous Quality Improvement (QI) method in manufacturing enterprises is necessary [1, 2] .
Since building materials and equipment is large and production cycle is long, nding the complex inter-correlation in processes is important for QI in building equipment and materials for enterprises [3] [4] [5] . In the research eld of quality management, most quality improvement methods have focused on customer satisfaction with the quality of product or on the monitoring of the core process of the product. Dhafr et al. [6] presented a developed methodology for quality improvement in manufacturing organizations by identifying various sources of quality defects on the product. Du et al. [7] proposed a stream of variation methodology to analyze, predict, and control the product quality in the complex multi-stage manufacturing systems. Villeta et al. [8] presented a novel link for the integration of the continuous improvement loop of measurement systems into the statistical quality control of manufacturing processes. Du et al. [9] [10] [11] proposed a few new methods to monitor and reduce process variation for quality improvement. The approaches mentioned above have discussed the connotation of product quality improvement, while they have failed to transform the market demand into speci c parameters in the product design and manufacturing process, and the laws of product quality's evolution, emergence, and development have not been given much attention to in the literature.
The simple living cell and the human appearance on the earth are the result of biological evolution in adapting to the environment. there is no doubt that throughout the history of product quality development, product's long-term evolution is and has been changing society and environment. Therefore, there are striking similarities between the biological evolution process and the long-term evolution of product quality. Recently, genetic engineering has been widely applied for mechanical products. Sun et al. [12] proposed a quality prediction model to transform the quality prediction problem into the analysis of the mechanical product gene. Chen et al. [13] presented that the essence of the product and that of organisms is similar. In this paper, we will study genetic engineering and propose a quality gene evolution model to conduct a more indepth research on the product's manufacturing quality process.
The rest of the paper is organized as follows: In Section 2, we review the relevant literature related to quality improvement and quality gene, and the product quality improvement connotation based on quality gene is proposed in Section 3. Then, we introduce the product quality gene evolution method based on genetic algorithm in Section 4. Following this, a case study is used to illustrate the proposed algorithm process in Section 5. Finally, conclusions are given in Section 6.
Literature review
In recent years, many researchers have focused on product's evolutionary design based on product gene. Chen et al. [13] have proposed a functional representation model based on verb-attributes. Gero et al. [14] [15] [16] have used genetic engineering to develop a number of computational models of creative designs. In [17] , a gene evolution method has been proposed to distinguish di erent models. Gu et al. [18] have described a gene product model to represent and organize the product information. The aforementioned literature mainly discusses product design, and few researchers have made exploration on quality improvement in the manufacturing process. Generally, product gene only includes static design information instead of dynamic information, however, some dynamic information (i.e., manufacturing environment and quality characteristics) is very important to the evolutionary product.
As an extension of product gene, product quality gene is widely used for quality diagnosis and quality control in product manufacturing process. Sun et al. [12] have proposed a similarity analysis for the biological evolution and the manufacturing process. In [19] , a quality diagnosis approach based on the similarity of product quality gene is proposed, and it is used to resolve the problems that the quality diagnosis, with respect to manufacturing process, is not e ective. In [20] , quality control theory based on quality gene is put forward to solve the problems that the quality information is complex and quality control is di cult in the manufacturing enterprises. These literatures have laid a foundation for the development of product quality gene theory. However, the quality improvements are not involved, and the quality improvement method is one of the driving forces to promote product design and manufacturing quality, while it can reduce the product defect rate and improve the enterprises' competitiveness.
3. Product quality improvement connotation based on quality gene 3.1. The product quality gene
The genetic information of living beings is stored in the chromosomes contained in their cells and the evolution of living beings is based on variations in their chromosomes [21] . In order to reform genes for product quality improvement, the quality genes are required to be disclosed similar to the features of biological genes. Moreover, their contents must be determined according to the quality attributes in the manufacturing processes. Therefore, the contents of the product quality gene include both genetic information and evolutionary information. Here, genetic information mainly refers to the content that can be cloned such as parts information, raw materials information, and hierarchical relationships information. Evolution information mainly refers to the quality characteristics which can be changed in the process such as roughness, size, etc.
The details of quality gene have been introduced in [19, 20] . In [19] , the product quality gene is de ned with 5 tuples, i.e. S, T, F, V, and G respectively; they represent the product label information, process information, quality characteristics, quality characteristics precision, and quality characteristics a ecting factors. In [20] , a two-level gene code system for the product quality genes is proposed to describe the quality gene information.
Storage and retrieval of product quality genes
The storage and retrieval of product quality gene are the basis for quality improvement. Similar to the storage method of biological gene, which uses four elements (A, T, C, and G) to store their genetic information, in this paper, we propose a quality gene storage model ( Figure 1 ). In Figure 1 , product quality information is, rstly, converted into quality gene, and then, the gene codes are converted into binary sequences which are stored in the computer memory [22, 23] . If necessary, the binary sequence can be copied or be translated into quality information.
Product quality gene evolution
The customer's demand for the product quality is often re ected in the quality characteristics. Therefore, to describe the quality gene evolution, the customer's requirements should be converted into product quality gene element ( Figure 2 ).
In Figure 2 , the customer's requirements are related to quality characteristics, and the quality characteristics are determined by gene elements. According to the experts' experience or historical data, the customer's requirements in the rst layer can be mapped into the gene elements in the bottom layer.
The gene elements have complex correlation with each other. For examples, the quality genes f144,145g are related to the quality gene f133g, thus, the quality gene f144,145g should be considered when the quality gene f133g requires to be improved.
Being di erent from the biological evolution, the product quality gene cannot be evolved automatically, and they require arti cial means. The o spring, which have better quality characteristics, will survive better in the changing society environment. In this paper, we propose a quality gene evolution process ( Figure 3) , and the detailed analysis is described as follows:
-Step 1: Con rm the quality characteristics by the product quality gene evolution objectives. The market's and customer's requirements are converted to the need of product quality characteristics by experts' and technology's demand; -Step 2: Identify the improved quality gene elements. According to the mapping relation between the product quality characteristics and quality gene elements, the quality characteristics are easy to convert into the quality gene elements; -Step 3: Adopt the genetic algorithm to evaluate the product quality gene [24, 25] . The detailed analysis is described in Section 4; -Step 4: Rebuild the quality gene elements, and judge whether the tness value meet the evolutionary goals, if not, then jump to Step 2.
Product quality gene evolution method based on genetic algorithm
Many scholars have done a lot of methods for the optimal solution of a problem, such as gray theory [26] , hybrid learning algorithm [27] , Particle Swarm Optimization with Simulated Annealing-based selective neural network Ensemble (PSOSAEN) algorithm [28] [29] [30] , and Genetic Algorithm (GA) [31, 32] . Genetic Algorithm (GA) is an intelligent optimization method, which in reference to the rule of \biological survival of the ttest", simulate the process of natural selection, crossover and mutation, and it searches for the optimal solution in the solution space. Due to its excellent characteristics of parallelism and global search, it is widely used for combinatorial optimization and scheduling [31, 32] . Based on the above considerations, we believe that GA is more suitable for analyzing the product quality gene evolution.
The basic elements of genetic algorithm
In the traditional genetic algorithm, the crossover and mutation probability of chromosome is set in advance. However, due to the fact that the quality gene has some a nity, the probability will change in each process. In this paper, we propose an improved genetic algorithm based on a nity to achieve the product quality gene evolution. The basic elements of genetic algorithms are described as follows:
1. Chromosome code: The code is the basic element of the GA. The binary code is widely used as it is simple and easy; however, it has some disadvantages on the function of optimization. Real number code methods are widely used to solve the continuous parameter optimization problem, while the decimal code methods are used to solve the combinatorial optimization problems. In this paper, the quality improvement belongs to a complex optimization problem with a larger search space. Therefore, decimal code is selected;
2. Initial population: The initial population is randomly generated by the product quality genes. Usually, the population size is 100; 3. Fitness function: The tness is used to measure the individuals' excellent degree in optimization calculation, and the calculation method of the tness function is described in detail in Section 4.2;
4. Selection operation: The selection operation is used to choose the populations which have been evaluated by the tness function, and the population which has higher tness will have more probability to be selected. In this paper, the roulette wheel approach is adopted as the select operator;
5. Crossover operation: The function of crossover operation is to take certain rules to exchange the individuals' elements and to produce a new individual. According to the characteristics of the product quality gene, in this paper, we adopt the multi-point crossover method (Figure 4 ). Since the crossover between two similar chromosomes is not useful for gene evolution, inbreeding should be avoided to promote the quality genes' cross e ciency. Chen et al. [33] propose a \family tree" method to calculate the a nity between the genes. Sanko and KruskaI [34] use sequence comparison method to estimate the degree of homology between two chromosomes. Because the product quality gene is virtual chromosomes, it is di cult to implement the sequence comparison. In this paper, we propose a method which is based on the genetic similarity to determine the a nity between the chromosomes. In Figure 5 , the rst generation of product quality gene contains 1.1-1.12 gene elements; the second generation of chromosomes contain 1.1, 2.2, 1.3-1.4, 2.5, 1.6-1.7, 2.8, 1:9 1:12 elements, and in the selection process, the elements 1.2, 1.5, and 1.8 are eliminated.
In this paper, the a nity of quality genes A and B are described by the genetic similarity of quality genes A and B [19] . The gene element's a nity degree G i is described as Eq. (7).
Here, the sim(A i ; B i ) represent the similarity of quality gene elements A i and B i .
The crossover probability P i of the ith gene in the chromosomes can be calculated by Eq. (8) . When the a nity between the elements A i and B i tends to 0, the cross probability between the elements A i and B i tends to 1.
After the crossover probabilities of all genes have been determined, the probability P i can be normalized by Eq. (9).
6. Mutation operation: The mutation operation has the same function as that of the crossover operation. It should be set in an appropriate range. If the mutation rate is too low, some useful information will not be selected; otherwise, if the mutation rate is too high, it is not recommended to optimize the results. According to the de nition of product quality genes [19, 20] , in this paper, we use the same attributes of the gene elements to describe the mutation rate, and the de nition of the same attributes of gene elements is described as follows:
De nition 1 uses the same attributes of gene elements: if the gene element is a ected by the same factors, it means that the gene elements have the same attributes. For example, the working experience and manufacturing methods of one worker have the same attributes, because they are a ected by the worker's length of service.
Assuming the ith gene sets contain C i gene elements with the same attributes, then the quality gene's mutation rate p i m is calculated as Eq. (10):
After the mutation probabilities of all genes have been determined, the probability p i m can be normalized by Eq. (11):
7. Stop criterion: When the individual's tness value reaches a given threshold, and the tness value has little uctuations in a certain range; the genetic algorithms will stop. Generally, the default number of iterations is 100-500. 
Fitness function determination method
The purpose of product quality gene evolution would help the enterprises occupy more market share and obtain more pro ts, however, in the process of evolution, the enterprises would pay for more manpower, material resources, and costs. In this paper, we propose an input and output model to describe the quality gene evolution process ( Figure 6 ). There are N nodes in the input layer, M nodes in the hidden layer, and L nodes in the output layer. The nodes in the input layer are the product quality genes which require to evolve, they are represented in Eq. (12):
The middle layer of the node is the hidden layer of the product quality gene evolution process; it mainly refers to manpower, material resources, etc., and, can be represented in Eq. (13):
The nodes in the output layer are the product's performances such as cost, energy saving, working e ciency, manufacturability, durability, and reliability, and can be represented in Eq. (14):
There is a mapping relationship between input layer and hidden layer, and one element's improvement will cause the middle hidden layer's change. For example, if the gene element's a ecting factors are improved, we are required to promote the experience of workers, measuring tools, etc. Assuming there is a linear relation between the input layer and hidden layer, the relations between individual elements are described in Eq. (15) 
Here, h i presents the changes in the middle hidden layer (i.e., the improvement numbers of measurement tools and worker training programs); i presents the proximity between improvement gene element and the target; x 0 i presents the hidden layer's quality gene impact factor.
The matrix relationship between middle layer and input layer is described as Eq. (16) 
There is, in addition, a possible mapping relation between middle layer and output layer elements. The improvement of element in the output layer such as costs, delivery time, and resource consumption would cause the middle hidden layer's change. For examples, training of workers will increase the labor costs; the improvement of measuring instruments would increase the cost of resources, etc. Assuming there is a linear relation between the hidden layer and output layer, the relation between individual elements are described in Eq. (17):
Here, h i presents the value of the output layer elements; i presents the middle layer's in uence and on output layer.
The matrix relationship between output layer and middle layer are described in Eq. (18) 
Each element in output layer has di erent dimensions, and each element can be normalized by Eq. (20):
The tness function of the genetic algorithm can be represented in Eq. (21) .
5. Case for product quality gene evolution method
To illustrate the application of the proposed model and algorithm, we give an example concerning the milltype cylinder tube, which has a complex production process and a long cycle process. Consequently, it is necessary to analyze the quality evolution problems. The processes of cylinder are described in Table 1 ; its physical diagram is shown as Figure 7 . According to the product quality gene evolution process, rstly, the improved defect genes should be identi ed, then we analyze the optimal benignity of quality gene evolution based on the genetic algorithm. Based on the above, we can judge whether the reorganization quality gene meets the customer's demand or not.
Identify the cylinder gene defects
According to the barrel crack is a common fault. It is clear that solving the barrel crack fault will enhance the enterprise's market share. Usually, the cause of barrel crack fault can be, mainly, divided into three aspects: 1. Tube structure design is not reasonable; 2. Cylinder welding quality is poor; 3. The shell thickness and strength is not enough. According to the process ow in Table 1 and the product quality gene theory, the improved quality is analyzed as follows: 1. Cylinder's structure design is not reasonable. The product process quality gene should be improved such as reducing welding stress and bending stress of cylinder; 2. Cylinder's welding quality is poor. There are too many welding processes in the production process; therefore, it is required to improve within the eld of the manufacturing process such as improving the environment temperature, environment dust, and improving the precision of welding equipment; 3. The shell's thickness and strength is not enough.
The product quality genes' material properties Inspect the steel plate surface quality; cracks, bubble, and scarring are not allowed; the steel should not be layered.
2 Welding Internal welding angle should be less than 1 mm.
Blanking
The parallelism should be 1 mm; diagonal deviation should be less than 1.5 mm; diagonal deviation is less than or equal to 1.5 mm.
Roll roundness correction
The biggest clearance between model and barrel should not be more than 2 mm.
5
Cylinder welding Welding wire, ux, and aw detection should meet the requirements.
6
Manhole paragraph 20 mm allowance should be left when cutting machining.
7
Manhole process Surface roughness should be less than 3.2.
n Paint The paint quality requirements should be detected.
should be modi ed such as increasing the steel plate's thickness and material.
According to the above analysis, the cylinder's default quality gene code is described as follows:
pqg q = (470; 275; 30; 0:05; 2; 150):
Here, \470" represents the cylinder's welding stress; \275" represents the cylinder's bending stress; \30" represents the environment temperature; \0.05" represents the dust degrees; \2" represents the welding equipment's precision grades; and \150" represents the thickness of steel plate. In this paper, the factors of the middle hider layer for cylinder maily include: the number of technicians, the number of workers, the number of inspector, the inspection batch and raw material weight, which are described as H: Here, the rst line presents the impact factor that the middle layer gene element is on output layer quality genes z 1 (manufacturing cost), the second line presents the impact factor that the middle layer gene element is on output layer quality genes z 2 (resource consumption), and the last line presents the impact factor that the middle layer gene element is on output layer quality genes z 3 (delivery date). 21 22  2n  31 31  3n  41 42  4n  51 52  5n  61 62  6n   3   7  7  7  7  7  7  5 :
Here, in presents the proximity degree between evolution gene and the target. Assuming the output value of a single input gene is f(Z i ) = z 1 , the tness function of GA can be described as shown in Eq. (23):
To obtain the minimum target, the function target can be transformed as follows:
3. The heredity and variation: According to the analysis for input layer element of the product quality and the continuity data of product quality gene elements, crossover rate can be expressed in Eq. (24) .
There are no same properties among the 6 quality genes in the output layer; all the genes' mutation rates are the same, and usually, the mutation rate is set as 0.01-0.7. 
Results analysis
The above data are simulated in software Matlab, evolution curve is shown in Figure 8 , and the algorithm is converged in the 110th generation. Based on the results, the tness value of the optimal result is 0.985, and the optimal individual genes are: 428, 245, 27.5, 0.03, 2, 150. Depending on the tness values, the speci c need in the middle layer which needs optimizing can be determined so as to illustrate the quality improvement of the tube mill barrel.
Conclusions
We present a quality improvement approach to promote the quality management in this research. An improved genetic algorithm based on a nity is proposed to achieve the product quality gene evolution. The experiment's results have shown that the proposed method can improve the company's quality management level, and reduce the implementation costs of the products. 
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